ABSTRACT This paper presents the design, simulation, and fabrication of a 50 Ohm miniaturized rectenna for wireless energy harvesting for leadless pacemakers. The paper evaluates the performance of each section separately and also while cascaded. The system is designed to work at ultra-low RF input power. When the rectenna is placed 5 cm away from the body surface in simulations, the amount of received power is approximately −20 dBm. The proposed antenna is a miniature spiral PIFA with circular polarization at 673 MHz. The measured results, in and outside sheep's fat tissue, show that about 15 MHz bandwidth can be realized with |S11| below −10 dB and an axial ratio below 3 dB. Two types of rectifiers are fabricated and compared to choose the best one for such a system. Then, unlike most other researches which selected the doubler rectifier structure, this paper uses a single-diode rectifier structure at this power level. The rectenna can be encapsulated in a cylinder with a radius of 5 mm and a height of 3.2 mm. The efficiency of the rectenna reaches 40% at −20 dBm input power.
I. INTRODUCTION
Implanting electronic devices inside human's body is no longer a science fiction. Since more than a decade ago, this controversial issue has been a topic with which many researchers have been considerably dealing. These days, it is being observed that study in this field is getting more and more popular. The purpose of such studies is to provide easier remedies to control and treat patients. In the beginning, batteries were being applied in all these devices. Limited lifetime of batteries can end up in periodical operations on the patients to replace the devices' battery, which is obviously dangerous, inconvenience, and costly. Besides, the batteries, which are often the biggest part of the implantable system, make the device bulkier. In order to tackle these challenges, researchers have come up with powerifng biomedical devices wirelessly instead of batteries, but reliable power transfer via tissue body is required [1] . There are different types of source such as solar, vibration, thermoelectric, Radio-Frequency (RF), and so on [2] . Some qualities should be considered in order to pick an appropriate source. Nowadays, one of the most important factors, which increases interest in RF harvesting [3] , is to be affordable by ordinary customers. Furthermore, electromagnetic sources for implants are preferred because of its reliability and easy integration with electronics [2] . In addition, although inherent energy sources in the body, such as heat, motion, or glucose [4] can be used, they are anatomically specific and produce low power densities in their existing forms.
Implants usually receive RF energy via inductive coupling at HF (High Frequency, between 3 MHz to 30 MHz) band. It has been shown that an acceptable efficiency can be obtained when the distance is comparable to the dimensions of the coils [5] . This is due to the fact that magnetic-field is highly evanescent outside coils [6] . As this method is based on the coupling of the magnetic-field between two coils [6] , large transmitting and receiving coils are needed to attain high coupling efficiencies in HF band [2] . To penetrate in deeper tissue, the size of the implant expands. Working at higher frequencies (i.e., ISM and MICS bands) permits the coils to shrink to millimeter-scale [2] . According to [7] , deep implant antennas have maximum efficiency at 800-600 MHz because in this band, the antenna can have an acceptably small size, while the characteristic of environmental losses proves to be appropriate, and the antenna gain and losses can be optimized simply. It is observed that the received power at about 5 cm from the body surface can easily achieve a level of about To design implantable medical devices, we are confronted with two principle challenges: size and power limitations. The device must be small in size in order to be implanted in the body. In addition, the amount of received power is restricted because initially, the device is placed in deep locations [7] and the available power in the body is inversely proportional to the distance from the source. Secondly, according to maximum acceptable SAR, we are not allowed to expose body to any amount of power. Therefore, the available power received at the implanted device would be low.
In [8] , a compact three-layer circular stacked PIFA antenna was designed on FR4 substrate with ε r = 4.5, δ = 0.02 at 915 MHz (910-928 MHz in free space) for operating with a Head-Mountable deep brain stimulation device. The maximum gain was −20.20 dBi with a rat model. The antenna radius and height were 6 mm and 1.584 mm respectively. In [9] , a circularly polarized antenna with a dimensions of 13 mm ×13 mm ×1.27 mm has been implemented on Rogers 3010 substrate (ε r = 10.2, tan δ = 0.0035) for biomedical applications. The antenna's gain when the antenna is located at a depth of 3 mm of a one-layerskin model, is −32 dBi at 915 MHz. A compact circularly polarized square shape patch antenna was proposed in [10] for ISM-Band biomedical devices. The antenna volume was 15 mm × 15 mm × 1.27 mm, and is printed on Rogers 3010. The maximum gain reached −27 dBic when the simulated antenna was placed at depth of 4 mm in human skin phantom. In this paper, a new Spiral PIFA (SPIFA) antenna and a detector are proposed as a rectenna in minimum size at ultra-low input RF power for 600-800 MHz frequency band and leadless pacemakers. The goal of this research is to minimize the whole system's size enough in order to be able to implant it at deep locations (more than 5 cm) for leadless pacemaker applications in the right ventricle of the heart and to improve its efficiency at ultra-low input power, while keeping the total cost and the total weight as low as possible. Two types of leadless pacemakers are available: the Nanostim Leadless Pacemaker System (LCP) and the Micra Transcatheter Pacing System (TPS). The size of the Micra (TPS) is 25.9 mm × 6.7 mm and the Nanostim (LCP) is 42 mm × 5.99 mm and the weight of both types is 2 grams. A SPIFA structure is selected in order to further miniaturize the antenna compare to previous works. Different types of detectors at ultra-low input power have been investigated to achieve a better efficiency. In many researches, detectors using CMOS technology have been employed [8] . For instance, a 0.18 µ m CMOS 13-stage three-port RF rectifier with load resistance compensation diode can achieve sensitivity of −18.5 dBm with 1V output voltage and 10% efficiency [11] . In another study [12] , a dual band 0.13 µ m CMOS rectifier at 900 MHz and −19.3 dBm input RF power with 1.5 M load resistance, has 9.1% efficiency. However, the implementation of this sort of rectifier is complicated and expensive [8] . Detectors using Schottky diodes are a simple and inexpensive key for ultra-low power harvesting [8] . They have low threshold voltage and quick switching capability. In this study, we compared some kinds of detectors based on Schottky diodes to choose the most efficient one for this application. This paper is organized as follows. Section II introduces the RF energy harvesting approach, and estimates the input power of the rectenna when it is placed inside the human body tissue by using Friis formula. Section III explains the antenna design and results. Section IV discusses the rectifier design and results. Section V gives the performance of the rectenna and finally, Section VI concludes this paper.
II. SYSTEM DESIGN
The architecture of the harvester system is shown in Fig. 1 , which is quite similar to other power transmission systems. The transmitting side includes an RF source and an antenna in order to transfer energy to the receiver. The first part of the receiving side is an antenna for receiving the transmitted power, and the second is a rectifier for RF to DC conversion. Between the antenna and the detector, a matching network is implemented; hence maximum power is transferred to the rectifier. The third component is a power management circuit, which must be run at ultra-low input voltages to boost the output DC voltage of the rectifier (a DC-DC converter). At output of this converter, an energy tank such as a supercapacitor is connected to store energy from input RF sources until adequate energy is existing to run a significant load [13] .
The antenna and the RF rectifier are often combined together to form a rectenna. The RF-to-DC conversion efficiency is extremely dependent on: 1) the received power density by the receiver, 2) the accuracy of the matching network between the antenna and the rectifier, 3) and the power efficiency of the rectifier which converts the received RF signals to DC voltage [6] . In Sections III and IV, the rectenna design will be briefly discussed. As depicted in Fig. 1 , in reality, there is a piece of body tissue between the transmitter and the receiver.
The received power by a receiver antenna from a transmitter antenna which are spaced d apart, could be measured using Friis transmission equation, (1) .
eff t : Radiation efficiency of the transmitting antenna. eff r : Receiving antenna radiation efficiency.
: Reflection coefficient (for both the transmitter and the receiver).
D: directivity (for both the transmitter and the receiver). ρ : Polarization vector (for both the transmitter and the receiver).
Polarization loss factor (PLF) is 0 dB when the antennas have the same polarization and −3 dB when the polarization of one antenna is linear and the other one is circular. In this equation, d should be more than 2D 2 λ where D is the largest dimension of antennas. In section VI, the amount of received power in free space by our designed rectenna using this equation and with a transmitting antenna which can be a dipole, a patch, or an LPDA antenna is calculated.
However, when the rectenna is located inside the body, this equation is not valid due to the distance between the transmitter and the receiver which is only about a few centimeters, a fraction of wavelength. Although in this situation, the receiver antenna is positioned in the near-field of the transmitter, Friis formula could still be used considering a safe link margin. Furthermore, the body tissue absorption is not taken into consideration in this formula. An alternative solution to compute the received power is a full wave simulation, but due to substantial complexity, this approach is not applied here.
A three-layer cubic model of the body tissue (skin, fat, muscle) with a dimension of 100 mm × 100 mm × 60 mm has been simulated in CST Microwave Studio (Fig. 2 ) to calculate absorption and mismatch loss of the body tissue. The thickness of skin, fat and muscle is 3 mm, 7 mm, and 50 mm respectively [14] - [16] . Table 2 and 3 present the real part (ε ) and imaginary part (ε = δ ω ) of these three layers permittivity at 600-800 MHz, taken from [17] . As shown in these tables, these materials' properties change with frequency variations. Boundary conditions are set to have infinite body tissue for all directions except for the direction which RF plane wave is applied [7] . The insertion loss (S 21 ) parameter in two states: 1) when the waveguide port which is inside the body, is located in muscle, and 2) when the air is considered in the body (as an example in stomach) is calculated. Fig. 3 illustrates the amount of body tissue absorption and mismatch loss at 600-800 MHz for both conditions. The loss for the first and the second situation is about −12 dB and −16 dB respectively at 700 MHz. One should keep in mind FIGURE 3. Simulated S 21 (Body tissue absorption and mismatch loss). VOLUME 7, 2019 that the radiator's realized gain also decreases due to the loss of human environment when it is implanted. To estimate the rectenna input power, it is necessary to know the LPDA antenna's characteristics (the transmitter) and losses caused by the body tissue. The polarization of LPDA is linear, and the efficiency and the directivity of this antenna are −1 dB and 6.6 dB respectively. Also, we estimate the receiver antenna's characteristics (according to other researches) and consider a safe link margin of about 3 dB. In the following, the antenna input power at 700 MHz is calculated.
In [8] and [18] , the efficiency of the receiver antenna is about −20 dB. In this paper, the antennas efficiency is improved to −17 dB.
III. ANTENNA DESIGN A. ANTENNA STRUCTURE AND ITS PERFORMANCE IN FREE SPACE
One of the essential challenges in the design of implantable antennas is to miniaturize their overall size. PIFA antennas are resonant at less then quarter-wavelength due to the shorting pin at the end. The greatest frequency reduction happens when the shorting pin is placed in the corner of the top plate (the horizontal arm of the PIFA) to provide a longer current path compared to placement at the center of the edge [19] . PIFA resonant wavelength is obtained by below equation:
where L and W are the length and the width of the top plate respectively. The distance of the feed pin from the edge controls the input impedance of the antenna [19] . The PIFA bandwidth is narrow. It can be increased by raising the top plate height or changing the top plate geometry [19] .
Moreover, the Archimedean spiral shape of the top plate can end up in overall size reduction. This is because the horizontal arm of the PIFA has been compacted by its spiral shape which is a quite efficient structure to attain maximum achievable bandwidth and the effective current path length [20] has increased. It has been shown that spiral structure provides lower resonance frequency and higher radiation efficiency than its meander counterpart [20] .
According to the above description, a Spiral PIFA circular antenna has been designed. The configuration of the proposed antenna with the radius of 5 mm and the height of 3.2 mm is shown in Fig. 4 (in Fig. 4 (a) substrates are hidden to make the antenna structure visible). There is a hole in the ground plane to prevent connecting the feed pin and the ground. In order to include effects of other electronic sections, which lie behind the antenna, on the proposed antenna performance, As shown in Fig. 4 (b) , there are a number of vias (all of them are from behind the antenna to the ground) and tracks behind the antenna. We observed that considering the rectifier at the back of the antenna had little effects on the simulation results. The height of upper and bottom substrates are 2.2 mm (between the spiral plane and the ground plane, antenna substrate) and 1 mm (between the ground and the plane which includes the microstrip line, feed line substrate), respectively. It is printed on the dielectric substrate FR-4 which makes it very low cost and easily available. This is one of the main advantages of this work [18] [8] . The upper layer operates as the radiating plane, and the middle layer plays the role of the ground plane. A UFL connector is connected to the radiating element through the microstrip line and the feed pin from the bottom layer. The diameter of this pin is 0.8 mm. The width of the microstrip line is determined by 50 impedance line in this frequency band and for this substrate. The ''analytical curve'' option of the software is utilized to create the spiral strip. The equations leading to this form are as follows in (3) .
where t is an auxiliary parameter which changes between 0.5 and 20 to form the Archimedean spiral. Fig. 5 displays the fabricated antenna. At first, the antenna is fabricated without the rectifier behind it. Compared to other works [8] , [18] , the proposed antenna is electrically smaller which is another advantage of our design. Fig. 6 shows the simulated and measured frequency response of return loss (S 11 ) of the proposed PIFA. There is a slight shift frequency in the measured reflection coefficient of the proposed antenna compared to the simulated return loss. This is due to using FR4 as the substrate. The relative permittivity of FR4 in simulations is 4.3. However, since there is no specific datasheet for this dielectric material, its relative dielectric constant can range from 3 to 5. This could impact on resonant frequency significantly. The simulated and measured center frequencies are 710 MHz and 675 MHz respectively. Based on simulations, when the relative dielectric constant of the substrate is 5, the resonant frequency of the antenna is 680 MHz. The thickness and the width of the radiating strip are 0.1 mm and 0.3 mm, respectively. The shorting pin position has been fixed at the end of the radiating element. The feed location has been optimized between the open and shorted end to obtain 50 input impedance of the antenna and reasonable results. For t = 1.2, the results are appropriate and acceptable.
The outer radius of feed and short pins is 0.2 mm and 0.1 mm, respectively. Table 4 presents the optimized dimensions of the antenna. The hole in the middle of the antenna is applied to fix and align two sections by a plastic screw with the diameter of 2 mm. The 2D far field pattern of the proposed antenna in free space is shown in Fig. 7 . The radiator lacks high gain which is caused mostly by the compact radiating area and the short pin. Our spiral PIFA (SPIFA) is also circularly polarized. Table 5 summarizes the antenna parameters at 675 MHz. According to the Wheeler-Chu limitation [21] , for small antennas, the bandwidth (BW) is proportional to a λ, where a is the antenna's maximum physical dimension. Therefore, the bandwidth of SPIFA is narrow because of the ratio of its physical size to wavelength of 1 45.
Moreover, Fig. 6 shows that the measured BW is a little wider than the simulated BW. The measured and simulated BWs are about 15 MHz and 10 MHz respectively. This event was predictable because of more loss in practice. The quality factor of antennas is inversely proportional to BW and loss. Hence, increasing loss can cause increased BW.
B. EFFECT OF THE BODY TISSUE
In this section, the proposed antenna is embedded inside the muscle part (with depth of d) of the three-layer cubic mentioned in section II in order to examine SPIFA's performance in this situation. Elements of the rectifier are also considered behind the antenna during the simulation. In practice, implantable devices must be biocompatible to provide safety for patients and prevent direct connection of the device with tissues due to conductivity of the body tissue and its effects on the performance of the implantable device. Hence, before implanting the antenna, it must be covered with a biocompatible material. We select Teflon as the biocompatible material. Fig. 8 shows SPIFA with insulating layer inside the threelayer tissue. The reflection coefficient of SPIFA for various d is depicted in Fig. 9 . As represented, the antenna's return loss is not affected by different d vividly. However, the resonant frequency shifts down due to the fact that the body tissue has much higher dielectric constant than free space.
C. SPECIFIC ABSORPTION RATE EVALUATION
The electromagnetic energy absorbed by biological tissues turns into heat and causes the temperature to rise. The Specific Absorption Rate (SAR) parameter is defined in order VOLUME 7, 2019 FIGURE 8. SPIFA with capsule inside the three-layer cube. to assess the absorbed power by tissues. Some standards such as IEEE Standard C95.1, released in 1999, set specific limitations on SAR level to guarantee RF radiation safety. In our system, SAR should be investigated for the transmitter antenna which radiates RF power to the body although the power exposed temporarily upon the need for charging. The proposed rectenna is designed to provide power wirelessly for batteries of deep-body implantable devices. Since the proposed antenna is used as a receiver in the human body, there is no need to calculate SAR for it. On the other hand, SAR of the transmitting antenna outside the body should be assessed. A 3D full-wave simulation for calculation of SAR is carried out where the 3-layer tissue is positioned in front of the transmitting LPDA at 2.5 cm distance at 680 MHz, as shown in Fig. 10 . For the very small distances the antenna characteristics is deteriorated and there is a risk of higher SAR levels.
In this situation, when the incident power from LPDA is 27 dBm (500 mW), which is 25 times our transmitting level, the maximum obtained SAR value is 0.078 which is much less than the IEEE Standard C95.1-1999 (1-g average SAR < 1.6 W/kg) which is totally safe for the person.
IV. DETECTOR DESIGN
As shown in Fig. 1 , after the receiving antenna, a detector is required. Two types of detectors with Schottky diodes in this letter have been explored. The Simplicity of circuits based on Schottky diodes, being low cost, fast switching capability and having low threshold voltage are some advantages of this kind of diode. The amount of the forward voltage of a diode seems to be a significant matter when the input power is very low due to losses [22] although at high incident voltages, this feature does not have much effect on the circuit performance because it is not comparable with the amplitude of the input voltage. Since at very low input power, the fewer number of diodes exists, the more efficiency can be achieved, in this research, only the double and singlediode rectifiers are evaluated. The zero bias Schottky diode HSMS285x from Avago has been designed and developed for small signal applications at frequencies below 1.5 GHz [23] . The schematic diagrams of the single-diode and the doubler detectors are shown in Fig. 11 and Fig. 12 . They consist of several parts including a matching network, a rectifier and a capacitor. There is a matching circuit between the antenna and the detector. It matches the detector impedance to the antenna impedance in order to transfer maximum available power from the antenna to the detector. By measuring the input impedance of the rectifier in ADS (Advanced Designed System), the input impedance of the antenna and the rectifier is matched using lamped elements in smith chart. For an appropriate detection, the amount of the output capacitor must be sufficient that the RC time constant (τ ) is much larger than the RF wave's period. For the single-diode rectifier, HSMS285B and for the doubler detector, HSMS285C are chosen. At the input of the doubler rectifier, there is a series capacitor (C f ) as shown in Fig. 11 . This capacitor during negative cycles of the input wave, stores charge via the parallel diode (D 2 ) (while D 1 is off). In positive cycles, the stored charge is added to the input RF signal, and via series diode (D 1 ) is given to the output. The amount of this capacitor is usually the same as the output capacitor. In the doubler detector circuit, the whole input wave stores at the load, but in the single-diode circuit, the load disconnects from the source in negative cycles.
Since the diode is a non-linear element, proposed detectors are analyzed by LSSP solver of ADS (Large Signal S-Parameter) to obtain their return loss. Detectors are fabricated on a PCB of FR4-substrate with the thickness of 1mm. Fig. 13 displays the fabricated detectors with 8 mm radius. Lumped elements are used because they have less sensitivity to the frequency and are more broadband than distributed elements. SMD elements minimize the size of circuits. Fig. 15 illustrate the simulated and the measured return loss of both detectors with their matching circuits. The resonant frequency difference in simulations and measurements shown in both Fig. 14 and Fig. 15 is as a result of the gap between diode modelization, available in the ADS library, and the fabrication [24] . Moreover, surface mount assembly profile which is provided in [23] should be considered during assembly process since assembly process affects the performance of the Schottky diode drastically. Additionally, the substrate of the circuit is also FR4. As mentioned in section III, relative permittivity of FR4 can range from 3 to 5 practically, and it is not specified.
Detectors are simulated under harmonic balance (HB) solver of ADS which analyzes circuits nonlinearly. Fig. 16 presents the measured output voltage versus the input power for the single-diode and doubler rectifiers for the load resistance of 10 k .
In Fig. 17 , the DC output voltage of both rectifiers versus frequency is displayed. The output DC voltage at frequencies more than 750 MHz is not reported for the doubler case because its amount is very low. The efficiency of this part can be calculated by [25] .
where P out−DC and V out−DC are the DC output power and the DC voltage across the output resistance R Load , respectively, and P in is the input power to the rectifier. The single-diode rectifier efficiency at −20 dBm of the input power and with 10 k load resistance is almost 40%, and the efficiency of the doubler at the same input level and 10 k load is about 16%.
According to these results, the use of the single-diode rectifier seems to be more suitable and more efficient than the doubler rectifier at ultra-low input power because the losses caused by each diode are comparable to the input power level. The fact that the doubler rectifier passes the entire input signal, but the single-diode rectifier only passes half of the input has also been taken into considerations in the above results.
V. RECTENNA MEASUREMENTS A. EVALUATION IN FREE SPACE
The single-diode rectifier is integrated behind SPIFA to form a rectenna. The antenna is given the incident waves and then the rectifier converts the captured AC signal to DC power. Fig. 18 presents a photograph of the receiving rectenna system with a total of 5 mm radius and 3.2 mm height. Compared to the state of the art, [18] , [8] , [26] the proposed rectenna in this paper receives less RF power because it is designed to be implanted in deeper tissues. The experimental setup in the laboratory consists of a transmitter section and the rectenna receiving section, shown in Fig. 19 , which evaluates the performance of the rectenna in free space. The transmitter is composed of a signal generator connected to an ultra wide band (UWB) LPDA antenna. To determine the input power level at the rectenna terminal, the link budget should be calculated. Therefore, according to the (1), the following parameters in Table 6 should be specified. The input power on the receiving antenna terminal (in free space) is expressed by
By varying the frequency, the frequency response of the rectenna is obtained. Fig. 20 gives the DC output voltage versus the frequency when the distance between the transmitter and the receiver is 20 cm in free space and at 10 dBm input power from the transmitter. At 673 MHz, the DC output voltage is about 245 mv. With a 40% efficiency of the rectifier, the input power of the rectenna is about −18.5 dBm which is close to the obtained value from the link budget. It is worth noting that the amount of current in the circuit is of the order of µ A. Thus, according to the let-go current curve [27] , the leakage current of the rectenna is allowed for body tissues.
The transmitted power is varied to determine the rectenna performance. The output power and the efficiency of the rectenna are calculated from the measured voltages. Fig. 21 gives the measured DC output voltage and the total power transmission efficiency at 673 MHz. 
B. CLINICAL VALIDATIONS
The device's ultra-small size (≈ 1 45electrical size in free space) as well as its low weight (without capsule) while keeping its efficiency in a proper level makes the proposed rectenna a good candidate in applications such as leadless pacemakers, CRTs to charge deep-body batteries, and also head mountable devices (using Deep Brain Stimulation) without power budget concerns. To show its performance in a real animal tissue, the SPIFA antenna is tested in a sheep's fat tissue to evaluate the proposed antenna's performance inside the body. Fig. 22 shows the setup which consisted of a vector network analyzer (VNA), the proposed rectenna covered by a capsule made of Teflon material, which can be made biocompatible, and the fat tissue to measure reflection coefficient of SPIFA. SPIFA is encapsulated by the biocompatible capsule to avoid directive connection of the antenna with the fat tissue. Fig. 23 shows the return loss of SPIFA in the mentioned situation. The resonant frequency shifts down due to the higher dielectric constant of the fat tissue than free space, but the bandwidth remains almost unchanged (about 16 MHz). The total weight of the prototype without capsule is less than 1 gram. When the rectenna is put inside the fat tissue obviously its efficiency decreases and becomes −29.4 dB. As shown in Fig. 24 , LPDA at a distance of 50 cm from the receiver transmits power at 655 MHz and the receiver is connected to an spectrum analyzer to measure the amount of the received power which is about −43 dBm. Also, by the use of link budget, the received power could be estimated. Table 7 gives parameters of the link budget. It should be noted that two terms are also added to (1) because of the reflection of fat-air Regarding the proposed system's cost which is one of the goals of this work, the bill of material of the proposed rectenna is provided in Table 8 . It shows that the total price of the rectenna is very low-cost. It is expected that after mass produced, the total cost of the rectenna with the capsule will be less than 10$. Furthermore, by charging implant batteries wirelessly, patients not only do not need to get dangerous surgery which is done regularly, but also they can save thousands of dollars. The next phase of this research is the implementation of the super capacitor and the booster section to store and to manage the output power of the rectifier. There are some ICs such as BQ2550 produced by Texas Instrument for such applications. The design of this section is one of our future works to make this system operational.
VI. CONCLUSION
A standard 50 rectenna containing a spiral PIFA and a single-diode detector based on Schottky diodes has been provided. This electrically small rectenna system can be encapsulated in a cylinder with the radius 5mm and the height 3.2 mm. Each sub-part of the system (antenna, matching network and rectifier) has been examined by simulation and measurement independently. Two types of rectifiers (the single-diode and the doubler) based on Schottky diodes have been analyzed and compared at ultra-low RF input power. For maximum power transfer, a matching network is designed between the rectifier and the antenna. At an input power level of −20 dBm, over a 10 k load, the DC output voltage reaches 0.2 V and the RF/DC power conversion efficiency reaches about 40%. The advantages of this system include very small dimensions (ratio of the antenna dimensions to the wavelength), the ability to detect extremely low power (implantable in deep tissue), low cost and proper efficiency at very low input power. In this research, it has been demonstrated that although in the single-diode rectifier, half of the energy is eliminated in comparison with the doubler rectifier; it seems to have better efficiency for very low input power due to lower losses.
